shown to be required for the processing of a subset of miRNAs 15 . Only recently, it was shown that estrogen-bound estrogen receptor α blocks the Drosha processing of a subset of miRNAs that are dependent on p68 and/or p72 (ref. 16 ). The post-transcriptional regulation of miRNA processing is not always inhibitory. For instance, transforming growth factor β and bone morphogenetic protein signaling pathways positively regulate the Drosha-mediated processing of miR- 21 (ref. 17) . Cytoplasmic processing by Dicer can also be regulated in such a way that the expression of the mature miRNA is restricted to only a fraction of the tissues where the pre-miRNA is initially expressed 18 .
The let-7 family of miRNAs is present in multiple copies in different genomes, with ten mature let-7 family sequences produced from 13 precursors in humans (reviewed in ref. 19 ). The pluripotencypromoting proteins Lin28a and Lin28b, which are exclusively expressed in undifferentiated cells and are turned off following differentiation, bind the terminal loop of let-7 precursors and block their processing in undifferentiated embryonic stem cells, acting at the level of Drosha [20] [21] [22] and/or Dicer 23, 24 . The induction of let-7 during neural differentiation of embryonic stem cells also involves a feedback-loop mechanism whereby Lin-28 is downregulated by miR-125 and let-7, allowing processing of pre-let-7 to proceed 24 .
hnRNP A1 is a nucleocytoplasmic shuttling protein with roles in many aspects of mRNA metabolism. It is involved in alternative splicing regulation, antagonizing the activity of the SR family of proteins, and also influences constitutive splicing by modulating the conformation of mammalian pre-mRNAs (for reviews, see refs. 25, 26) . The shuttling ability of hnRNP A1 has been linked to its post-splicing roles, such as internal ribosome entry site (IRES)-mediated translation and mRNA stability. Our laboratory has recently shown that 1 0 1 2 VOLUME 17 NUMBER 8 AUGUST 2010 nature structural & molecular biology a r t i c l e s hnRNP A1 specifically binds to a miRNA cluster containing miR-18a and facilitates the Drosha-mediated processing of miR-18a but not other members of the cluster 27 . We showed that hnRNP A1 binds to the conserved terminal loop of pri-miR-18a and induces a relaxation at the stem, creating a more favorable cleavage site for Drosha 28 . Furthermore, we found that 14% of all human pri-miRNAs have terminal loops that are well conserved throughout evolution, and we suggested that they could act as landing pads for trans-acting factors that regulate biogenesis of miRNAs. An RNA chromatography approach combined with MS analysis revealed that hnRNP A1 also binds the terminal loop of pri-let-7a miRNA, which harbors a perfect hnRNP A1 consensus binding site (UAGGGA/U) 28, 29 . The splicing factor KH-type splicing regulatory protein (KSRP) contains four K homology RNA-binding domains and promotes exon inclusion of the c-src alternative exon through an intronic splicing enhancer 30 . KSRP has been recently shown to be a component of both Drosha and Dicer complexes and to positively regulate the biogenesis of a subset of miRNAs, including miR-155 (ref. 31 ) and let-7 (ref. 32) . Altogether, there is ample evidence to suggest the existence of trans-acting factors that bind conserved terminal loops and that can influence, positively or negatively, the processing of specific miRNAs.
Here, we report that hnRNP A1 specifically binds the conserved terminal loop of the let-7a precursor and blocks its Drosha-mediated processing in somatic cells, where Lin28 is not expressed. We propose a model whereby hnRNP A1 antagonizes the function of the positively acting factor KSRP in the biogenesis of let-7a miRNA.
RESULTS

hnRNP A1 binds to the terminal loop of pri-let-7a-1
The hnRNP A1 protein has a modular structure with two copies of the RNA recognition motif (RRM) at its N terminus and a glycinerich auxiliary domain at the C-terminal protein (reviewed in ref. 33 ). The crystal structure of a proteolytic fragment consisting of both N-terminal RRMs (termed unwinding protein 1, or UP1) revealed that the two RRMs are antiparallel and are held in close contact, forming a single entity with an extended RNA binding surface 34, 35 . By contrast, the glycine-rich domain seems to be responsible for cooperative binding, which starts with binding to a high-affinity site followed by cooperative spreading in a 3′-to-5′ direction 36 .
We previously reported the binding of hnRNP A1 to the conserved terminal loop of pri-let-7a-1 (ref. 28) . Several members of the let-7 family of miRNAs have a perfect (let-7a-1 and let-7f-2) or nearly perfect (let-7f-1, let-7a-2, let-7c and let-7d) hnRNP A1 consensus binding site (UAGGGA/U), as defined by SELEX 29 (Supplementary Fig. 1 ). To analyze the interaction between the terminal loop of pri-let-7a and hnRNP A1, we performed electrophoretic gel mobility shift analysis (EMSA) using UP1 to avoid cooperative spreading during RNA binding 36 . We observed that UP1, but not the individual RRMs (RRM1 or RRM2), was able to efficiently bind the terminal loop of wild-type pri-let-7a-1 (Supplementary Fig. 2a -c); this binding was competed by an excess of unlabeled let-7a-1 terminal loop but not miR-18a or miR-379 loops ( Fig. 1b and Supplementary Fig. 2d , respectively). Consistently, UP1 did not bind to an oligo in which we replaced the wild-type terminal loop sequence with a GCAA motif (pri-let-7a-1_loop_mt1) ( Fig. 1) . Notably, a let-7a-1 terminal loop sequence with a mutation in the hnRNP A1 consensus binding site (pri-let-7a-1 GGG/CCC mutant) did not bind UP1 efficiently ( Supplementary Fig. 2e ), nor could it compete UP1 binding to a let-7a-1 wild-type sequence (Supplementary Fig. 2f ). Although miR-18a, miR-379 and let-7a-1 GGG/CCC stem loops were not effective competitors in this assay, their addition resulted in fastermigrating UP1/let-7a-1 complexes ( Supplementary Fig. 2d,f) . One possible explanation is that the let-7a-1 terminal loop sequence might have two binding sites for UP1, so the other miRNAs used as competitors could compete for UP1 binding to the lower-affinity site in pri-let-7a-1, resulting in a faster-migrating complex.
Inverse correlation between hnRNP A1 and let-7a levels
Lin28 is expressed specifically in undifferentiated cells and is downregulated upon differentiation, whereas KSRP has been shown to promote let-7 biogenesis 32 . Thus, a dominant role for Lin28 over KSRP would explain the post-transcriptional repression of let-7 biogenesis in embryonic cells. This creates the paradox of certain cells and tissues where the levels of let-7 miRNAs are low despite the absence of Lin28 expression, suggesting the existence of a yetunidentified repressor of let-7a processing. We hypothesized that the binding of hnRNP A1 to the terminal loop of let-7a could have an inhibitory role. First, we analyzed the levels of hnRNP A1 protein in different cell lines and correlated those with the levels of known let-7a regulatory factors in various cell types. As expected, the levels of the negative factor Lin28a, which is predominantly expressed in undifferentiated cells, were undetectable in 293T, HeLa or Astrocytoma cell lines but showed high abundance in undifferentiated P19 mouse cells ( Supplementary Fig. 3a) . By contrast, the levels of the positive let-7a factor KSRP were similar in all cell types ( Fig. 2a) . Western blot analysis revealed that hnRNP A1 is highly abundant in P19 undifferentiated mouse cells and human 293T cells, with an intermediate level in HeLa cells and low levels in Astrocytoma cells ( Fig. 2a and Supplementary Fig. 3a ). In these cell lines, the levels of mature, endogenous let-7a were notably different. We could establish a strong correlation between high levels of hnRNP A1 protein and low levels of let-7a, as shown in 293T cells, suggesting that hnRNP A1 could be acting as a repressor of let-7a biogenesis (Fig. 2) . Notably, these
Pri-let-7a-1_loop_mt1 a r t i c l e s changes could not be attributed to different rates of let-7a transcription, as the levels of the primary transcripts were comparable across all cell lines analyzed ( Supplementary Fig. 3b,c) . In agreement with our previous results 27 , we observed the highest levels of miR-18a in 293T cells ( Supplementary Fig. 4a ). Comparable levels of control miR-16 ensured that the general miRNA processing machinery was equally functional in 293T, HeLa and Astrocytoma cells ( Supplementary Fig. 4b ).
To further confirm these findings, we analyzed the levels of endogenous let-7a in cells with ectopic expression of hnRNP A1. Transient transfection of an epitope-tagged hnRNP A1 expression vector into HeLa or Astrocytoma cells resulted in reduced levels of mature let-7a miRNA in both cell types ( Fig. 3a-d) . As expected, overexpression of Lin28a in HeLa cells, where this protein is normally not expressed, also resulted in reduced levels of let-7a ( Fig. 3b) . Notably, we could not detect any fluctuations in the levels of pre-let-7a-1 upon hnRNP A1 overexpression. This might be a consequence of a tight control of pre-miRNA processing by Dicer and/or pre-miRNA turnover by a yet-unidentified nuclease. A similar phenomenon has been observed during the Lin28-mediated regulation of let-7 biogenesis in embryonic stem cells 23 . Unexpectedly, increased expression of Lin28 elicited only a small reduction in the levels of mature let-7a in Astrocytoma cells (Fig. 3d) . This could be for several reasons. It may well be that cofactors required for the repressive effect of Lin28, such as the 3′-terminal uridylyl transferase (TUTase) that mediates pre-let-7 uridylation and subsequent blockade of let-7 processing, are absent or expressed at lower levels in Astrocytoma cells [37] [38] [39] . Alternatively, it remains possible that an additional activator, other than KSRP, is present in Astrocytoma cells.
To elucidate which step of let-7a biogenesis was affected by hnRNP A1 overexpression, we used quantitative reverse transcription PCR (qRT-PCR) with specific primers designed either to cover the upstream region or to span the pri-let-7a-1 stem loop structure (Fig. 3e) . The Microprocessor cleaves pri-miRNAs in a co-transcriptional manner, only marginally affecting the overall stability and integrity of the host transcript 10, 11 ; thus, the upstream primers can detect both uncleaved and cleaved pri-let-7a-1 transcripts, reflecting changes in transcription and/or RNA stability. By contrast, the set of primers encompassing the pri-let-7a-1 stem loop only detects the pool of prilet-7a-1 transcripts that has not been cleaved by Drosha. Increased expression of hnRNP A1 in HeLa cells resulted in a 4.5-fold accumulation of unprocessed pri-let-7a-1 molecules, with no apparent change in the rate of pri-let-7a-1 transcription and/or stability ( Fig. 3f) . Notably, overexpression of Lin28a greatly reduced the levels of mature let-7a ( Fig. 3b ) despite only resulting in 1.5-fold accumulation of unprocessed pri-let-7a-1 transcripts. This is in agreement with previous reports showing a dual role for Lin28 at the Drosha and Dicer levels of processing (reviewed in ref. 13 ). The levels of overexpressed hnRNP A1 and Lin28a are shown in Supplementary Figure 5a .
hnRNP A1 blocks the Drosha-mediated processing of let-7a
To test a direct involvement of hnRNP A1 in the biogenesis of let-7a, we performed in vitro processing assays using control, hnRNP Fig. 5b for levels of hnRNP A1 depletion). The pri-let-7a-1 transcript was readily processed in vitro in the presence of HeLa extracts (Fig. 4a, lane 2) , rendering a product of ~72 nt that corresponds to pre-let-7a. We observed that the efficiency of Drosha cleavage of pri-let-7a-1 transcript was markedly enhanced in the absence of hnRNP A1 (Fig. 4a, lane 3) . Depletion of hnRNP L, which was previously shown to bind the terminal loop of let-7a 28 , didn't affect the efficiency of pri-let-7a-1 cleavage (Fig. 4a,  lane 4) , indicating that binding per se is not necessarily indicative of function. In agreement with this notion, increasing amounts of recombinant hnRNP A1 protein inhibited the Microprocessor-induced cleavage of pri-let-7a-1 in vitro in a dose-dependent manner (Fig. 4b) . By contrast, the addition of the positive modulator KSRP had a slight stimulatory effect on the pri-let-7a-1 processing, perhaps suggesting that KSRP is not a limiting factor in these extracts (data not shown).
In vitro processing of pri-let-7a-1 harboring a GGG/CCC mutation in its terminal loop, which has been shown to abrogate binding of the positive factor KSRP, was reduced when compared with the processing of wild-type pri-let-7a-1 (Supplementary Fig. 6 ). This confirms the positive role of KSRP in the biogenesis of let-7a-1 (ref. 32 ). It should be noted that the GGG/CCC mutation also abrogates hnRNP A1 binding, but the lack of binding of KSRP is dominant. Altogether, these results suggest a negative role for hnRNP A1 in the processing of pri-let-7a-1 and are suggestive of antagonistic roles for hnRNP A1 and KSRP in the processing of let-7a-1. We have previously shown that hnRNP A1 also binds the terminal loop of pri-miR-101; however, we observed no change in its rate of processing upon depletion of hnRNP A1 (data not shown), indicating that the sensitivity toward hnRNP A1 levels could be a specific feature of select pri-miRNAs.
HnRNP A1 binds and remodels the terminal loop of pri-let-7a-1
To map the precise binding site(s) of hnRNP A1 in pri-let-7a-1 transcript, and to determine whether this binding influences the RNA Pri-let-7a-1 hnRNP A1 - a r t i c l e s architecture, we analyzed its RNA secondary structure in the presence or absence of recombinant hnRNP A1 protein. We carried out a footprint analysis using Pb(ii) ions that cleave single-stranded and relaxed nucleotides and also RNase T1, which preferentially cleaves RNA after guanosine nucleotides present in single-stranded and loose conformations. It should be noted that guanosine residues present in highly stable RNA duplexes are protected from RNase T1 cleavage; however, those guanosine residues placed in short stretches of base pairs that are situated in flexible RNA regions, such as those present in the pri-let-7a-1 terminal loop, are efficiently recognized by RNase T1 (refs. 40, 41) . This analysis revealed that hnRNP A1 was largely confined to the 5′ and 3′ ends of the terminal loop region (Fig. 5) .
Additionally, binding of hnRNP A1 to pri-let-7a-1 resulted in an opening of the terminal loop secondary structure, visible through the appearance of new lead-ion cleavages in the center of the loop. We could also detect minor Pb(ii)-ion cleavages upon hnRNP A1 addition in the stem (Fig. 5a) . This is most likely due to the unwinding and annealing properties of hnRNP A1 (refs. [42] [43] [44] . Structure probing of the pri-let-7a-1 GGG/CCC mutant revealed an open conformation of the terminal loop, with three C-G base pairs stacked immediately adjacent to the loop (Supplementary Fig. 7a,b) . Such a conformation prevented recognition by RNase T1. In agreement with our EMSA assays, we could not detect any hnRNP A1 footprints to a pri-let-7a-1 transcript harboring an artificial terminal loop (pri-let-7a-1_ loop_mt1) composed of a GCAA motif ( Supplementary Fig. 8a,b) or to a transcript harboring a mutated hnRNP A1 binding site (pri-let7a-1 GGG/CCC mutant) ( Supplementary Fig. 8c,d) .
Antagonism between KSRP and hnRNP A1 in let-7a-1 processing
We hypothesized that hnRNP A1 could be acting as a pri-let-7a-1 inhibitor by direct competition with the positive factor KSRP. To gain more insight into this, we performed a footprint analysis of the pri-let-7a-1 transcript in the presence or absence of recombinant KSRP protein (Fig. 6) . The terminal loop of pri-let-7a-1 harbors two GGG triplets that have been shown to be optimal binding sites for the KH3 domain of KSRP 32 . Footprint analysis, using Pb(ii) ions or RNase T1 revealed that the addition of KSRP recombinant protein generated a pattern very similar to that observed with the addition of hnRNP A1, with KSRP binding being confined to the 5′ and 3′ ends of the terminal loop region (Fig. 6) . This suggests that both proteins could be recognizing similar sequences. Indeed, the hnRNP A1 SELEX sequence within the terminal loop of let-7a-1 comprises a GGG triplet that was found to be the binding site for KSRP 32 .
To analyze the interaction between the terminal loop of pri-let-7a and KSRP, we performed an EMSA analysis. We confirmed a previous report and showed that recombinant KSRP protein was able to efficiently bind the terminal loop of wild-type pri-let-7a- a r t i c l e s ( Fig. 7a) . Moreover, the addition of excess unlabeled let-7a-1 terminal loop sequence abolished KSRP binding to a far greater extent than the addition of the miR-18a or miR-379 terminal loop sequences (Fig. 7a) .
Notably, different EMSA migration rates of pri-let-7a-1-KSRP and pri-let-7a-1-UP1 complexes allowed us to examine whether hnRNP A1 and KSRP could bind pri-let-7a-1 terminal loop cooperatively or in a mutually exclusive manner (Fig. 7b) . We maintained the levels of KSRP protein and increased the levels of UP1. We observed a substantial decrease in the abundance of the pri-let-7a-1-KSRP complex and a concurrent increase in the presence of the pri-let-7a-1-UP1 complex, suggesting that hnRNP A1 is competing with KSRP to bind the pri-let-7a-1 terminal loop (Fig. 7b) . We also observed a minor, slowly migrating band when both proteins where present in the reaction. This might be a consequence of simultaneous occupancy of the RNA by both UP1 and KSRP or might be due to direct proteinprotein interaction. Accordingly, it was previously reported that hnRNP A1 and KSRP proteins might be able to interact with each other 45 .
A reciprocal experiment maintaining a constant level of UP1 and adding increasing concentrations of KSRP also resulted in a shift toward KSRP occupancy (Supplementary Fig. 9 ).
DISCUSSION
The large extent of post-transcriptional regulation of miRNA processing has been recently uncovered. This regulation has been shown to act at both nuclear and cytoplasmic processing steps and can be either stimulatory or inhibitory (for a review, see ref. 13 ). The DEADbox RNA helicases p68 and p72, which are associated with the large Microprocessor complex, are required for the Drosha-mediated processing of a subset of miRNAs 15 , and many factors that have a positive or negative influence on Drosha-mediated processing seem to be recruited by these proteins. Thus, p68 and p72 may act as a scaffold to promote the recruitment of Drosha itself or of auxiliary factors, such as estrogen-bound ERα, that have an inhibitory role in Drosha processing of a subset of miRNAs 16 . Notably, they also act to recruit TGF-β-and bone morphogenetic protein-specific SMAD signal transducers to the precursor of miR-21 and promote its Drosha-mediated processing 17 . In a similar fashion, the tumor suppressor gene, p53, positively regulates the processing of several miRNAs with tumor suppressive functions, via association with Drosha and p68 (ref. 46) . We have recently reported that 14% of human pri-miRNAs have terminal loops that display a high degree of conservation throughout evolution, and we proposed that they could serve as landing pads for many different RNA-binding proteins that could promote or block their processing 28 . The developmentally regulated RNA-binding protein Lin28 binds the conserved terminal loop region of the Let-7d precursor 21 and has been shown to block let-7 production acting at the level of Drosha and/or Dicer processing. A dominant negative role for Lin28 in the processing of let-7 in undifferentiated cells has been clearly established (reviewed in ref. 47) . Upon differentiation, the expression of Lin28 proteins is turned off, and this results in the activation of the biogenesis of let-7 family members. Despite this developmental regulation, the levels of mature let-7a differ substantially in differentiated human cells despite a similar level of pri-let-7 sequences, indicating the presence of a yet-unidentified post-transcriptional repressor in differentiated cells 48 . The RNA-binding protein nuclear factor 90 (NF90) and its heteromeric partner, NF45, have many roles in gene expression, including transcription and translational regulation 49 . These proteins that are associated with the Microprocessor complex act as negative regulators of Drosha processing. This inhibition seems to be nonspecific, as all miRNAs tested, including pri-let7-a, pri-miR-15a/16-1, pri-miR-21 and pri-miR-30a, have been shown to be inhibited 50 . Altogether, this evidence suggests a general, nonspecific role for the association of the NF90-NF45 complex with pri-miRNAs via the double-stranded RNA-binding domain present in NF90 (ref. 50) .
We had previously shown that hnRNP A1 binds the conserved terminal loop of let-7a-1 (ref. 28) . Here, we have presented evidence showing that hnRNP A1 blocks the Microprocessor-mediated processing of let-7a-1. We show a perfect correlation between high levels of hnRNP A1 and low levels of let-7a mature miRNA. Furthermore, we show that the binding site of hnRNP A1 to the terminal loop of pri-let-7a sequences overlaps with the binding site for the positive regulatory factor KSRP. Thus, a competition for the binding to the conserved terminal loop of let-7a between a repressor and an activator may explain the post-transcriptional regulation of let-7a production in human cells (Fig. 8) . We cannot rule out a situation where the simultaneous occupancy of pri-let-7a-1 terminal loop by both KSRP and hnRNP A1 could occur (Fig. 8b) ; however, we clearly established that high levels of hnRNP A1 result in the abrogation of let-7a-1 processing. Notably, the levels of the miRNA repressor NF90 protein are similar in 293T and HeLa cells 51 , which display extremely low and high levels of endogenous mature let-7a miRNA, respectively (Fig. 2c) . Thus, a correlation between the levels of hnRNP A1 and endogenous let-7a can be established, whereas this is not the case for NF90 or NF45. Furthermore, miR-16, which was shown to be inhibited by the NF90-NF45 complex, remains constant in the cell lines studied (Supplementary Fig. 4a ). a r t i c l e s
We had previously shown that hnRNP A1 can facilitate Microprocessor-mediated processing of miR-18a in a context-dependent manner. Binding of hnRNP A1 to the stem in miR-18a results in the relaxation of some nucleotides involved in strong Watson-Crick pairing in the unbound pri-miR-18a molecule, creating a more favorable cleavage site for Drosha 28 . Here, we provide evidence that hnRNP A1 negatively regulates the processing of pri-let-7a-1. This apparent discrepancy can be attributed to the substantially different sequence-structure characteristics of let-7a-1 and miR-18a stem loops. Thermodynamically, the miR-18a stem loop is much less stable than that of let-7a-1 (ΔG values of −22.00 kcal mol −1 and −35.60 kcal mol −1 , respectively). Such relaxed conformation of the miR-18a stem loop may allow for efficient binding of hnRNP A1 and remodeling of critical residues that are cleaved by Drosha. Notably, the terminal loop of let-7a-1 has the ability to bind the positive factor KSRP, unlike the terminal loop of miR-18a, which thus far has only been shown to bind hnRNP A1. This suggests that the combination of structural and sequence characteristics of pri-miRNAs will determine the outcome of the regulation exerted by RNA-binding proteins. For example, the same RNA-binding protein can bind to conserved terminal loop sequences in two different pri-miRNAs and, because of their sequence and structural variations, can influence their processing in opposite ways.
Multiple lines of evidence point to a role for the let-7 family of miRNAs in tumor suppression. First, several members of this family of miRNAs are repressed in human cancers. This results in a general derepression of let-7 mRNA targets such as K-ras, c-myc and HMGA2, resulting in cellular transformation. Conversely, ectopic expression of let-7g in K-Ras(G12D)-expressing murine lung cancer cells suppress tumor development 52 . In agreement, the RNA-binding proteins Lin28a and Lin28b, which are negative regulators of let-7 processing in embryonic cells, are overexpressed in some primary human tumors and human cancer cell lines, leading to derepression of let-7 targets 53 . Thus, the inhibitory role of hnRNP A1 in the production of mature let-7a miRNA is suggestive of a link between high levels of hnRNP A1 and cancer. Notably, several members of the hnRNP family of proteins, including hnRNP A1 and the related proteins hnRNP A2 and hnRNP B1, show high expression in cancer cells, and this elevated expression has been used as a biomarker to estimate cancer progression 54, 55 . hnRNP A1 and related hnRNP proteins are very pleiotropic in function, with an involvement in many aspects of RNA processing, including alternative splicing regulation, IRES-mediated translation, mRNA stability and miRNA biogenesis 56 . Thus, it may well be that the association of increased levels of hnRNP A1 and related proteins with cellular transformation could reflect not only their role in miRNA biogenesis (miR-18a and let-7a-1) but also in other RNA processing events.
In summary, hnRNP A1, a general RNA-binding protein that has been implicated in the regulation of alternative splicing and in facilitating the production of miR-18a, has been shown here to have an inhibitory role in the Drosha-mediated processing of let-7a in human cells that lack Lin28 expression. This model would predict that variations in the relative levels of hnRNP A1 and KSRP will determine the steady-state levels of let-7a in differentiated and transformed human cells (Fig. 8) .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
